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ABSTRACT 


The  ratio  of  solid  to  liquid  phases  determines  certain 
rheological  characteristics  of  milk  fat.  For  this  reason  some  of 
the  factors  that  influence  this  ratio  were  estimated.  One  of  the 
factors  influencing  the  solid  to  liquid  ratio  is  the  thermal  treatment 
of  the  fat.  By  using  suitable  thermal  treatments  it  is  possible  to 
change  the  physical  properties  of  butter  to  a  certain  extent. 

Pure  winter  and  summer  milk  fats  were  examined,  and  several 
thermal  treatments  were  used:  rapid  cooling  to  0°C,  rapid  cooling  with 
subsequent  tempering  at  15°  and  25°C  respectively  and  stepwise  cooling 
with  the  first  step  at  15°  and  25°C  respectively.  The  analyses  were 
carried  out  by  means  of  dilatometers  of  the  volumetric  type. 

The  highest  solid  fat  content  was  obtained  in  rapidly  cooled 
milk  fat  whereas  tempering  and  stepwise  cooling  promoted  decreased  solid 
fat  content  as  a  result  of  formation  of  different  types  of  crystals. 
Thermal  treatments  had  no  influence  on  the  coefficients  of  thermal 
expansion  of  solid  and  liquid  milk  fat.  The  coefficients  of  thermal 
expansion  of  solid  and  liquid  milk  fats  differed  from  each  other. 


The  thermal  treatments  used  did  not  influence  the  melting 
dilation  of  milk  fat,  but  the  melting  dilations  of  winter  and  summer 
milk  fats  were  found  to  be  different.  The  rates  of  melting  were 
greatly  influenced  by  the  thermal  treatments.  Rapidly  cooled  milk 
fat  had  the  highest  and  fat  tempered  at  25°C  the  lowest  rate  of 
melting. 
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A  STUDY  OF  THE  SOLID  AND  LIQUID  PHASES  OF  MILK  FAT 


INTRODUCTION 


The  solid  fat  content  is  one  of  the  major  factors  in  determ¬ 
ining  some  of  the  physical  properties  of  plastic  fats.  In  milk  fat, 
with  its  complex  composition  of  fatty  acids  and  glyceride  structure, 
there  are  many  variables  which  may  influence  the  solid  fat  content. 

Milk  fat  crystals  may  vary  in  size,  as  well  as  in  composition.  The 
measurement  of  the  quantity  of  solid  fat  in  a  product  is  not  a  simple 
task  and  can  be  done  by  a  number  of  procedures,  many  of  which  involve 
elaborate  and  expensive  equipment.  For  purposes  of  quality  control,  a 
simple  procedure  is  desirable  and  the  dila tome trie  method  is  the  most 
widely  used. 

It  has  been  known  for  a  long  time  that  the  crystallization 
behaviour  of  milk  fat  can  be  influenced  by  modification  of  the  thermal 
treatments  that  are  used  in  commercial  processes.  Many  studies  have 
been  carried  out  aimed  at  finding  processing  techniques  for  butter 
that  would  result  in  more  desirable  textural  characteristics.  Although 
some  of  these  procedures  have  proven  successful,  their  application  has 
been  hindered  by  a  lack  of  fundamental  information  on  the  nature  of 
the  differences  that  resulted  from  these  treatments.  It  is  likely  that 
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variations  in  physical  properties  of  milk  fat  may  result  from  a  combin¬ 
ation  of  several  factors,  viz.,  crystal  size,  recrystallization,  mixed 
crystal  formation,  and  others.  Only  a  systematic  study  of  these  changes, 
preferably  carried  out  on  pure  fat,  would  supply  the  information  necessary 
to  understand  and  explain  changes  occurring  in  commercial  processing 
after  modification  of  certain  variables. 

The  objective  of  the  study  reported  in  this  thesis  has  been 
to  collect  information  on  this  subject. 


REVIEW  OF  LITERATURE 


Crystalline  State 

Crystals  are  solids  with  atoms  or  molecules  arranged  in 
space  with  particular  regularities .  Crystals  have  special  spatial 
arrangement  called  "habit",  in  which  symmetry  is  one  of  the  main 
characteristics o  In  addition,  there  are  also  crystalline  solids  that 
have  no  regular  geometric,  shape  because  the  crystal  habit  appears  in 
a  rather  limited  space,  usually  not  greatly  exceeding  the  magnitude 
of  the  molecular  dimensions .  Such  material  is  often  called  poly¬ 
crystalline,  and  can  be  considered  to  consist  of  microcrystals  which 
are  distributed  at  random  and  usually  embedded  in  a  matrix  of  amorphous 
material o  Having  different  physical  properties  and  behaviour  under 
certain  external  conditions,  these  polycrystals  can  be  distinguished 
from  amorphous  materials  (45). 

The  structural  elements  of  crystals  are  atoms,  ions,  or 
molecules .  The  classification  of  crystals,  and  the  nature  of  bonds 
among  crystal  elements,  is  made  on  the  basis  of  the  crystal  components. 
Crystal  lattices  and  crystal  bonds  can  be  classified  (49)  as:  atomic, 
ionic,  metallic,  and  molecular,  with  covalent  or  ionic  bonds. 

The  units  of  crystal  structure  in  organic  compounds  are 
molecules.  The  binding  forces  can  be: 

Dipole  attraction,  in  molecules  that  are  electrically  unsym- 


metrical,  i.e.,  polar.  The  polarity  is  determined  by  the  level  of  the 
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charges  and  the  distance  between  them  which  is  measured  by  the  dipole 

moment.  This  can  be  measured  in  Debye  units,  a  Debye  unit  being 

18 

equivalent  to  10  "  electrostatic  units. 

Hydrogen  bonding  is  ionic  or  electrostatic.  In  fatty  acids 
and  other  compounds  containing  the  -C00H  group,  hydrogen  bonding  is 
involved.  This  bonding  is  relatively  strong,  especially  in  fatty 
acids  with  lower  numbers  of  carbon  atoms,  but,  of  course,  hydrogen 
bonding  is  not  as  strong  as  a  true  covalent  bond. 

Van  der  Waals 1  forces  are  electrical  in  nature  and  are  pro¬ 
duced  by  inductive  effects.  The  polarization  of  molecules  occurs 
because  of  electron  asymmetry  in  atoms,  which  happens  during  shifting 
of  electrons  in  atoms. 

Molecular  crystals  have  relatively  weak  attractive  forces. 

This  explains  some  of  the  physical  characteristics  of  these  crystals, 
for  example,  they  have  a  relatively  low  melting  point. 

Crystallization  Kinetics 

On  cooling  of  a  liquid  kinetic  energy  is  lowered,  and  at 
the  freezing  point  crystals  are  formed.  At  freezing  temperature, 
molecules  become  oriented  in  a  definite  pattern  (9)  and  separate  from 
the  liquid  (80).  Only  the  slowest  and  nearest  molecules  will  attach 
themselves  to  the  crystals;  the  faster  ones  are  left  in  the  liquid 
and  they  will  remain  in  the  liquid  if  cooling  does  not  proceed.  Heating 
has  the  reverse  effect  because  vibrational  energy  of  the  molecules  over¬ 
comes  the  binding  forces  in  the  crystals;  they  then  begin  to  melt 
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and  continue  to  melt  if  sufficient  heat  is  provided.  If  no  further 
heat  is  supplied,  the  solid  and  liquid  phase  remain  in  equilibrium. 

Supercooling  occurs  when  cooling  is  carried  out  slowly  and 
without  agitation  and  the  liquid  reaches  a  temperature  below  its 
crystallization  temperature.  The  liquid  is  in  a  metastable  state, 
and  by  "seeding",  or  by  agitation,  crystallization  can  be  initiated. 

A  seed  can  be  of  the  same  substance,  or  of  a  substance  chemically  and 
crystallographically  similar  (7)* 

The  crystallization  process  is  determined  (35,  68)  by: 

(i)  the  velocity  of  nuclei  formation, 

(ii)  the  rate  of  crystal  growth, 

(iii)  the  interrelation  between  formation  and  growth. 

The  velocity  of  nuclei  formation  has  been  expressed  (89,  90) 
as : 


where, 

W  "  velocity  of  the  process 
K  =  constant 
L  =  solubility 

P  =  total  quantity  of  the  disperse  phase  which  will  be 
crystallized  when  the  process  is  complete 

Since  the  whole  of  the  material  of  the  disperse  phase  must 
be  present,  either  as  crystals  or  in  solution,  then: 

P  +  L  =  Q 


s>  -  a  +  ,*•;  ;  ‘  > 
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where , 


Q  —  the  total  quantity  of  the  disperse  phase  in  a  unit 
volume,  io6o,  the  total  concentration. 


Then: 


W 


The  second  phenomenon  depends  upon  diffusion,  and  its 
velocity  can  be  expressed  (6 5)  by  the  equation: 

dx  =  (C2  -  C0)  dt 

0 

where, 

dx  =  amount  deposited  on  the  surface 

D  a*  coefficient  of  diffusion 

S  =  area  of  the  crystals 

$  s=  thickness  of  layer  through  which  diffusion  is 
taking  place 

Cq  —  actual  concentration  of  the  solution  at  saturation 

C2  sb  supersaturation  of  the  solution 

dt  =  time  interval. 

Only  if  the  thermodynamic  potential  after  precipitation 
is  lower  than  before  can  nucleation  and  growth  of  crystals  occur  (58). 
This  means  that  crystals  will  be  formed  only  in  supersaturated  solution. 


Generally  speaking  crystals  appear  completely  developed  and 
in  characteristic  forms  when  slow  cooling  takes  place,  and  when  there 
is  free  circulation  of  the  liquid  around  the  crystals.  Also,  under  the 
same  conditions,  large  crystals  are  formed  (56).  Crystals,  in  rapidly- 
cooled  solutions,  are  not  completely  developed  when  a  rapid  removal  of 
heat  causes  a  fast  decrease  of  kinetic  energy  of  the  molecules  and 
increase  in  the  viscosity  of  the  liquid  phase  (l).  Rapid  cooling 
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causes  formation  of  a  large  number  of  small  crystals .  In  extreme 
cases  (glass),  sudden  cooling  of  complex  and  long-chain  materials 
causes  viscosity  increase  =>  even  to  the  extent  that  further  crystal¬ 
lization  is  impossible  (7). 

The  common  fatty  acids  and  glycerides  crystallize  in  similar 
forms  and,  therefore,  are  able  to  substitute  for  each  other  in  the 
crystal  lattice..  When  a  fat  is  cooled  slowly,  so-called  overgrowth, 
or  "layer"  crystals  are  produced.  The  inner  layers  of  these  crystals 
contain  high-melting  fatty  acids  or  glycerides,  and  the  lower-melting 
components  occur  in  the  outer  layers  (1,  87) .  These  layers  of  crystals 
have  a  melting  point  very  close  to  that  of  their  component  glycerides. 
There  is  a  certain  interference  of  neighbouring  layers,  and  this  is 
the  reason  that  one  layer  has  not  exactly  the  same  melting  point  as 
its  component  glycerides.  Rapid  cooling  of  melted  fat  causes  formation 
of  "mixed11  crystals  (5,  8,  19,  21,  23,  26,  28,  57>  63,  86)  without  dis¬ 
tinct  layers,  which  involves  a  difference  in  the  composition  of  the 
crystals.  These  crystals  contain  glycerides  with  melting  points  that 
differ  one  from  the  other.  These  dissimilar  molecules  in  the  crystal 
cause  an  increase  in  solid  fat  content  (18).  The  melting  point  of  such 
crystals  is  in  the  range  determined  by  the  lowest  and  the  highest  melting 
points  of  the  component  glycerides.  The  fat,  containing  a  mixture  of 
"layer”  crystals,  will  have  a  wider  melting  range  than  the  fat  contain¬ 
ing  "mixed"  crystals,  although  both  fats  contain  the  same  glycerides. 

As  was  pointed  out  above,  crystals  can  develop  only  in  super¬ 
saturated  solution,  and  in  the  presence  of  centers  of  crystallization. 

In  the  temperature  range  where  the  fat  is  plastic  (from  the  beginning 
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to  the  end  of  melting),  the  liquid  phase  of  the  fat  is  always  saturated. 
With  fats,  there  is  no  distinct  difference  between  solvent  and  solute, 
and,  with  changing  of  the  temperature,  some  of  the  solvent  can  change 
to  the  role  of  solute  and  vice  versa  (29). 

Plastic  Fats 

The  edible  fats  can  be  divided  into  oils  and  fats.  Oils  are 
liquid  at  room  temperature;  fats  are  solid  at  room  temperature.  Fats, 
such  as  milk  fat,  margarine,  lard,  and  shortening,  are  classified  as 
plastic  solids  (U8,  60). 

It  is  a  well  known  fact  that  when  materials  are  subjected  to 
a  stress  there  will  be  a  change  of  the  original  shape.  After  removal 
of  the  stress,  the  material  will  either  regain  its  original  shape,  or 
will  remain  deformed.  The  extent  of  deformation  depends  on  the  kind 
of  material  and  the  intensity  of  the  stress.  The  same  stress  will 
cause  only  slight  deformations  in  some,  and  big  deformations  in  other 
materials.  The  property  of  materials  to  regain  their  original  shape 
and  volume,  after  removal  of  a  stress,  is  called  elasticity;  materials 
that  remain  deformed  are  called  plastic  (1.3,  66,  71  >  76). 

Materials  such  as  fats,  clay,  and  others  are  called  plastic; 
metals,  rubber,  and  others,  elastic.  Plastic  materials,  under  limited 
stress,  show  characteristics  of  solids,  and  when  a  stress  increases 
over  a  certain  value,  the  material  starts  to  flow  like  a  viscous  liquid 
(l).  This  point  is  called  "yield  point".  Plastic  materials  generally 
have  low,  and  elastic  materials  high,  yield  points. 
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Plastic  materials  have  certain  characteristics  in  common  (2) 

(i)  The  material  must  consist  of  two  phases,  solid 
and  liquid . 

(ii)  The  solid  phase  must  be  finely  dispersed  and  the 
particles  small  enough  that  the  force  of  gravity 
on  each  particle  is  negligible  compared  with  the 
interparticle  forces «  Spatial  arrangement  of  solid 
particles  must  prevent  flow  of  the  liquid  phase. 

(iii)  The  sol id -to -liquid  ratio  should  be  of  a  certain 
magnitude:  too  low  a  solid  fat  content  will  not 
greatly  influence  the  flow  properties  of  the  liquid 
phase;  too  high  a  solid  fat  content,  on  the  other 
hand,  will  form  a  strong,  interlocked  structure  and 
the  plastic  material  will  appear  as  a  rigid  solid. 

A  plastic  fat  is  a  mixture  of  liquid  and  solid  phases  at 
room  temperature  (81).  The  solid  phase  is  incorporated  in  such  a  way 
as  to  provide  a  three-dimensional,  self-supporting  structure  (59)«  The 
relationship  between  the  two  phases  depends  chiefly  on  temperature  be¬ 
cause  lower  temperatures  result  in  increased  solid  content,  and  higher 
temperatures,  in  decreased  solid  content  (1,  47). 

The  factors  that  determine  the  character  of  plastic  fats, 
including  milk  fat,  are: 

(i)  Solid  fat  content 

(ii)  Size  and  number  of  crystals 

(iii)  Strength  of  crystal  network 
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(iv)  Viscosity  of  the  liquid  phase 

(v)  Heat  treatment. 

(i)  The  factor  with  the  most  direct  influence  on  physical 
properties  of  fats  is  the  ratio  of  solid  to  liquid  phase.  With  an 
increase  in  solid  content,  the  fat  becomes  harder  and  vice  versa.  For 
edible  fats,  a  wide  plastic  range  is  desirable  -  this  means  a  mixture 
of  glycerides  of  widely  different  melting  points,  with  a  small  amount 
of  the  high-melting  constituents. 

(ii)  Size  and  number  of  crystals  per  unit  of  weight  also 
influence  the  physical  properties  of  fats  (39>  8l).  With  the  same  solid 
fat  content,  smaller  crystals  cause  greater  hardness  of  fat.  Fine  crystals 
give  a  wider  plastic  range  and  a  smoother  appearance  of  fats.  Crystals 
composed  mostly  of  high-melting  glycerides  are  more  rigid  than  those 
containing  low-melting  glycerides. 

(iii)  The  degree  of  mutual  attraction  of  crystals,  and  their 
tendency  to  fora  aggregates,  gives  strength  to  the  crystal  network. 

(iv)  High  viscosity  of  the  liquid  phase  causes  bigger  yield 
stress  of  the  fats. 

(v)  Heat  treatment  of  a  fat  has  a  great  effect  on  consistency 
at  a  given  temperature  (1,  2).  Rapidly-cooled  fat  has  a  greater  hardness 
(20,  21,  24,  26,  28,  30)  but  if  tempering  takes  place,  the  fat  will  be 
softer  (77).  Tempering  results  in  a  lower  solid  fat  content  and  also 

in  a  different  character  of  the  crystals  (64). 
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The  Rheological  Properties  of  Milk  Fat 

The  physical,  i.e.,  rheological  properties  are  of  great  import¬ 
ance  because  some  of  the  unique  characteristics  of  fats  are  physical  in 
na  ture  ( 59 )  • 

There  are  numerous  factors  that  influence  the  rheological 
properties  of  milk  fat.  In  general,  these  factors  are:  chemical 
composition  of  the  fat,  glyceride  structure,  rate  of  fat  crystallization, 
ratio  of  solid  to  liquid  phases,  and  size  of  fat  crystals  (12,  17,  20, 

39,  43). 


Compared  with  other  animal  and  vegetable  fats,  the  crystalliz¬ 
ation  behaviour  of  milk  fat  appears  the  most  complex  (25)*  Milk  fat 
is  a  complex  system  because  it  contains  a  large  number  of  fatty  acids 
combined  in  glycerides.  Theoretically,  the  number  of  different  tri- 
clycerides  is  the  third  power  of  the  number  of  different  fatty  acids. 

If  we  were  to  assume  that  there  are  18  different  fatty  acids  as  major 
constituents  of  glycerides  in  milk  fat,  then  5>832  different  triglycerides 
are  possible  (82).  It  is  claimed  (27,  40,  46,  5^0  that  milk  fat  tri¬ 
glycerides  contain  a  greater  variety  of  fatty  acids  than  any  other  natural 
fat.  Seasonal  variations  must  be  taken  into  consideration  too,  because 
these  variations  in  chemical  composition  have  a  considerable  influence 
on  the  rheological  properties  of  milk  fat  (15,  92). 

Consistency  and  plasticity  are  common  names  for  certain  im¬ 
portant  rheological  characteristics  of  plastic  fats.  The  term  consistency 
is  frequently  used  to  express  the  total  of  all  rheological  properties,  as 
apparent  viscosity,  yield  value,  etc.  Very  often,  the  terms  used  to 


. 
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describe  rheological  properties  of  plastic  fats  are  confusing  because 
of  the  lack  of  standard  methods  of  measurement  and,  therefore,  there 
are  no  definite  units  for  the  expression  of  these  properties  (59)* 

For  the  determination  of  the  rheological  properties  of  milk 
fat,  several  terras  are  in  use  (22,  31): 

Hardness .  The  rheological  properties,  particularly  hardness 
of  butter,  are,  to  a  great  extent,  influenced  by  the  crystal  state  of 
the  solid  phase.  The  crystal  state,  on  the  other  hand,  depends  on  the 
mode  of  formation  of  the  crystals  (24).  Hardness  is  resistance  to 
deformation;  sometimes  the  term  firmness  is  used  to  describe  the  same 
property.  Hardness  is  measured  by  the  penetration  method  when  the 
deforming  body  is  a  cone,  a  needle,  or  a  cylinder  (1 6,  20,  23>  91); 
when  a  taut  wire  is  used,  it  is  designated  the  sectility  method.  The 
measurements  are  usually  carried  out  in  such  a  way  that  a  deforming 
body  is  driven  into  the  butter  at  constant  speed.  The  force  required 
is  then  a  measure  of  hardness. 

Spreadability.  This  is  a  term  used  for  the  expression  of 
spreading  properties.  Special  machines  have  been  developed  (4l,  42, 
6l,  70)  to  measure  these  properties.  Spreadability  is  not  a  simple 
characteristic  but  more  or  less  a  mixture  of  several  properties  (75)- 

Setting.  This  designates  the  phenomenon  of  increase  in  the 
hardness  of  butter  by  keeping  it  undisturbed  after  the  manufacturing 
process  (14,  1 6,  42,  62). 

Structure.  The  determining  factors  of  rheological  properties 


are  chemical  composition  and  microstructure.  Structure  is  distribution 
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and  arrangement  of  butter  components. 

Texture .  The  term  that  includes  the  external  manifestation 
of  microstructure  is  texture.  This  term  is  extremely  broad  (55)  and 
is  used  to  describe  several  rheological  properties  such  as:  moisture 
distribution,  brittleness/  oiliness,  roughness,  smoothness,  and 
graininess  (50). 

Brittleness .  This  is  related  to  the  ease  of  fracturing; 
sometimes  butter  can  crack  and  break  and  this  will  occur  in  butter 
with  great  hardness  and  coarse  crystal  structure. 

Crumbliness .  This  expression  signifies  the  relation  to  an 
exceptional  brittleness  combined  with  a  high  gas  content. 

Greasiness .  The  property  caused  by  low  solid  fat  content 
and  therefore,  low  hardness;  as  a  consequence  there  is  free  oil  on 
the  surface  of  the  butter  at  room  temperature. 

Review  of  Methods  for  Solid  Fat  Content  Determination 

The  solids  content  of  fats  such  as  butter,  margarine,  shortening, 
lard,  and  others,  is  of  great  practical  importance  because  it  is  one  of 
the  determining  factors  in  consistency,  which  is  of  interest  to  both 
producer  and  consumer.  The  measurement  of  solid  fat  content,  therefore, 
is  an  important  aspect  of  the  quality  control  of  plastic  fats. 

There  are  several  methods  for  the  determination  of  solid  fat 
content  which  are  based  on  different  physical  properties  of  the  solid  and 
liquid  phases  of  plastic  fats,  such  as  specific  heat  or  thermal  capacity, 
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thermal  dilation,  dilution  of  some  dyes  and  electromagnetic  properties. 

Calorime try.  The  method  which  uses  the  change  of  heat  content 
at  different  temperatures,  including  latent  heat  of  melting,  is  the 
so-called  calorimetric  method.  Determination  of  heat  content  is  carried 
out  by  means  of  a  calorimeter.  By  measuring  the  heat  content,  it  is 
possible  to  obtain  data  for  plotting  heat  content- temperature  curves. 

The  calorimetric  method  for  determination  of  solid  fat  content 
is  based  on  the  change  of  heat  content  with  temperature  (88).  When  a 
material  is  not  homogeneous,  but  is  a  mixture  of  solid  and  liquid  phases, 
the  heat  of  melting,  or  solidification,  has  to  be  considered. 

The  specific  heat  of  a  substance  is  the  number  of  calories 
required  to  raise  the  temperature  of  one  gram  of  the  substance  by  one 
degree  centigrade 

cal 

C  =  “tt“ 

6°C 

Strictly  speaking,  specific  heat  is  not  a  constant  but  depends 
on  the  thermal  state  of  the  material,  or  in  other  words,  on  the  temper¬ 
ature.  The  law  of  specific  heat  change  with  temperature  cannot  be 
derived  theoretically,  but  there  are  more  or  less  successful  empirical 
equations  -  one  of  the  most  frequently  used  is: 

ct  =  c0  +  Ott  +  (3  t2  +  2Tt3+  St* 

where , 

c  =  specific  heat  at  temperature  t 

X* 

c  =  specific  heat  at  temperature  0°C 
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,  <5  =■  constants 

t  =  temperature  at  which  the  specific  heat 

is  determined. 

A  number  of  factors  influence  the  various  members  of  the 
equation,  such  as  the  kind  of  material,  desirable  accuracy  of  results, 
and  temperature  range.  We  can  say  that  specific  heat  of  the  fats  is 
independent  of  the  temperature  for  temperature  intervals  where  there  is 
only  solid,  or  only  liquid  phase  (l);  for  instance,  for  milk  fat  above 
40°C  and  below  -40°C.  These  approximations  are  permitted  for  calcu¬ 
lations  of  solid  fat  content  because  absolute  values  of  heat  content 
are  not  necessary  but  only  their  differences. 

Dilatometry .  The  method  of  determination  of  solid  fat  content 
based  on  thermal  dilation,  another  well  known  physical  property  of 
materials,  is  carried  out  with  a  dilatometer  which  could  be  of  a  volu¬ 
metric  (3,  34,  36),  or  gravimetric  type  (4,  33,  51,  52,  53,  78,  79)  and 
can  be  static  or  dynamic  (83). 

The  basic  equation  showing  the  dependence  of  volume  on  tempe¬ 
rature  is  given  by: 

V  =  vD  (1  +  OCt) 

where, 

V  =  volume  at  t  °C 

V0  —  volume  at  0°C 

(X  =  coefficient  of  thermal  expansion 

t  =■  temperature. 

The  coefficient  of  thermal  expansion  is  assumed  constant  for 
the  whole  temperature  range,  when  the  diagram  of  volume  change  versus 
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temperature  is  used  for  calculation  of  the  solid  fat  content. 


Dye  Dilution.  The  dye  dilution  method  is  one  of  the  modern 
methods  for  solid  fat  content  determination.  It  is  based  on  the  prop¬ 
erty  of  some  dyes  being  soluble  in  the  liquid  phase  and  insoluble  in 
the  solid  phase  (crystals)  of  fats  (93) • 


The  method  is  carried  out  in  such  a  way  that  a  measured 
quantity  of  a  dye  of  known  concentration  is  mixed  with  the  fat.  After 
that,  separation  of  the  liquid  phase  can  be  carried  out  by  ultracentri¬ 
fugation,  filtration  under  pressure,  or  capillary  absorption.  By  measur¬ 
ing  the  absorbance  of  the  liquid  phase,  it  is  easy  to  calculate  the  amount 
of  liquid  phase  and,  by  difference,  the  solid  fat  content.  The  liquid 
fat  content  can  be  computed  from  the  absorbances  of  the  dye  solution  and 
the  separated  liquid  fat,  in  the  following  way: 


where, 


Gd  x  cd  =  C1^G1  +  Gd^ 


_  <*1- 

°1 


x  E 


Gf  -  Gq 

U-f 


x 


100 


Gf  =  weight  of  fat  sample 

Gi  =5  weight  of  liquid  phase  in  sample 

G  =  weight  of  solid  phase  in  sample 
s 

G^  =  weight  of  prepared  dye  solution 
c^  =  concentration  of  dye  in  dye  solution 

C}_  —  concentration  of  dye  in  the  sample 

A]_  =  absorbance  of  sample 

E  =  absorptivity  of  dye 
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The  Nuclear  Magnetic  Resonance.,  This  is  another  modern  method 
of  determination  of  the  solid  fat  content  in  plastic  fats  (6,  10).  This 
method  uses  electromagnetic  properties  of  nuclei,  mainly  that  they  can 
emit  or  absorb  electromagnetic  waves  under  certain  conditions,  -  in  the 
same  way  as  light  spectra  (emission  and  absorption)  atoms  of  a  sub¬ 
stance  can  absorb  (or  emit)  electromagnetic  waves  of  strictly  determined 
wave  length  which  is  determined  by  the  nature  of  the  substance.  If  a 
substance  is  exposed  to  the  activity  of  electromagnetic  waves,  of  which 
the  frequency  is  the  same  as  the  frequency  of  the  substance,  there  will 
be  a  resonance  of  vibrations,  and  atoms  of  this  substance  will  vibrate 
in  the  same  rhythm  with  the  external  magnetic  field.  The  shape  of  the 
resonance  line,  meanwhile,  depends  on  the  physical  and  chemical  proper¬ 
ties  of  the  sample,  or  in  other  words,  on  how  many  atoms  are  free  to 
orient  themselves  and  enter  into  resonance  (32). 

The  procedure  can  be  described  as  follows.  First,  select 
one  chemical  element  which  exists  in  the  sample  and  which  possesses 
a  nuclear  magnetic  moment,  to  serve  as  an  indicator.  In  the  case  of 
fat,  this  may  be  C,  0,  or  H,  but  only  the  hydrogen  atom,  or  more  pre¬ 
cisely,  the  hydrogen  nucleus  (proton),  has  an  odd  mass  number  and, 
therefore,  may  have  a  nuclear  magnetic  moment  (11).  Then,  the  frequency 
at  which  resonance  will  occur  should  be  determined.  The  sample  is 
placed  in  a  very  strong  magnetic  field  which  will  cause  the  orientation 
of  the  nuclei.  In  the  solid  phase  of  the  sample,  molecules  are  not  free 
to  move  but  they  are  more  or  less  fixed  in  their  positions  in  the  crystal 
lattice  and,  therefore,  can  vibrate  only  in  a  limited  manner.  Because 
of  the  random  orientation  of  the  crystals  in  fats,  it  can  be  concluded 
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that  the  orientation  of  our  "indicator  nuclei"  is  also  random.  In  the 
liquid  phase  of  the  sample,  molecules  are  free  and  can  be  oriented  under 
the  influence  of  the  magnetic  field,  if  the  external  electromagnetic 
forces  exceed  the  resistance  caused  by  the  viscosity  (internal  inter¬ 
particle  forces). 

After  the  orientation  of  nuclei  under  the  influence  of  the 
strong  magnetic  field  is  obtained,  a  new,  relatively  weak,  variable 
frequency  magnetic  field  is  applied,  with  the  frequency  very  close  to 
the  frequency  of  the  nuclei.  The  resonant  frequency  of  the  nuclei 
depends,  not  only  on  the  kind  of  substance  -  as  was  mentioned  before, 
but  also  on  the  influence  of  the  neighbouring  atoms,  the  latter  being 
more  pronounced  in  the  solid  state  because  of  the  closer  packing  of 
the  particles.  This  means  that  the  energy  absorption- of  the  solid  state 
does  not  occur  at  a  single  frequency  but  is  spread  over  a  more  or  less 
wide  range.  At  each  frequency  inside  this  range,  a  certain  number  of 
nuclei  will  enter  into  resonance  and,  therefore,  the  energy  absorption 
curve  will  have  a  broad,  flat  shape.  On  the  other  hand,  due  to  almost 
completely  uniform  orientation  of  the  nuclei  in  the  liquid  state,  the 
energy  absorption  curve  will  have  a  sharp,  high  peak,  indicating  that 
almost  all  nuclei  are  in  the  resonance  at  a  single  frequency. 

By  comparing  the  maximum  amplitudes  of  the  energy  absorption 
curves  under  the  conditions  of  nuclear  magnetic  resonance  of  the  unknown 
sample  and  of  the  completely  melted  sample,  and  multiplying  their  ratio 
by  100,  the  solid  fat  content,  expressed  as  percentage  of  the  total 
weight  of  the  sample,  can  be  obtained. 
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Comparison  of  Methods  for  Determination  of  Solid  Fat  Content 

Each  of  the  methods  for  solid  fat  content  determination  has 
certain  advantages  and  disadvantages ,  and  the  best  way  to  visualize 
the  convenience  of  one  particular  method  is  to  review  the  characteris¬ 
tics  of  each  of  the  modes  of  procedure. 

The  calorimetric  method  is  the  oldest  and  is  well  established. 
Many  types  of  calorimeters,  for  the  investigation  of  plastic  fats, 
have  been  designed,  from  simple,  classical  devices  to  very  complicated, 
automatically-controlled  instruments  for  maintaining  adiabatic  conditions 
during  the  experiment  (69,  13,  $+).  This  method  can  be  static  (31,  72), 
or  dynamic  (85).  Strictly  speaking,  the  impossibility  of  obtaining  a 
complete  temperature  equalization  of  the  sample  could  be  a  disadvantage 
because  the  data  obtained  by  this  method  would  not  be  absolutely  correct. 
However,  this  appears  to  be  a  theoretical  disadvantage  only,  because  by 
introduction  of  automatic  control  and  by  retaining  the  experimental  con¬ 
ditions,  it  is  possible  to  maintain  the  temperature  difference  within 
the  region  of  the  experimental  error.  The  fact,  that  before  testing  it 
is  necessary  to  prepare  the  sample  by  melting  and  precrystallization 
(for  filling  of  the  calorimeter  vessel),  makes  testing  of  the  original 
sample  impossible. 

All  the  remarks  mentioned  above  about  the  calorimetric  method 
are  applicable  to  the  dila tome trie  method  too  because  both  methods  use 
the  thermal  properties  of  fats,  viz.,  heat  content  and  thermal  dilation, 
as  an  indicator  of  the  solid  to  liquid  ratio.  The  dilatometric  method, 
on  the  other  hand,  appears  to  be  simpler  with  regard  to  the  equipment 
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necessary  for  carrying  out  the  experimental  measurements.  It  can  be 
said,  also,  that  the  reproducibility  of  the  results  obtained  by  the 
dila tome trie  method  is  very  satisfactory. 

The  dye  dilution  and  the  nuclear  magnetic  resonance  methods 
do  not  demand  any  previous  thermal  preparations  of  samples,  so  that 
the  original  state  of  samples  can  be  examined.  On  the  other  hand,  one 
of  the  most  serious  disadvantages,  in  the  case  of  the  dye  dilution 
method,  lies  in  the  difficulty  of  separation  of  the  dyed  liquid  phase 
from  the  sample.  Several  techniques  are  in  use  (ultracentrifugation, 
pressure  filtration,  capillary  absorption  in  filter  paper),  but  all  of 
them  have  also  certain  disadvantages:  difficulties  in  maintaining  a 
constant  temperature  during  ultra centrifugation;  capillary  absorption 
separation  is  too  slow. 

One  of  the  main  disadvantages  of  the  nuclear  magnetic  reson¬ 
ance  method  is  that  it  requires  very  complicated,  and  therefore  very 
expensive  equipment,  so,  at  the  present  time,  only  a  few  laboratories 
use  this  technique  for  investigation  of  plastic  fats. 

It  appears  that  one  method  for  determination  of  solid  fat 
content  has  no  distinct  advantage  over  the  others;  nevertheless,  it 
can  be  said  that  the  dilatometric  method  appears  to  be  superior  because 
of  its  simplicity  and  satisfactory  reproducibility. 
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EXPERIMENTAL  METHODS 

The  solid  fat  content  of  milk  fat  was  determined  by  a 
dila tome trie  method.  The  thermal  expansion  of  milk  fat  was  determined 
in  the  range  from  -60°  to  60°C.  In  these  measurements,  the  technique 
used  was  a  static  one,  i.e.,  volume  readings  were  made  after  complete 
equilibrium  was  reached  at  any  one  temperature. 


Apparatus 


The  dila tome ters  used  were  of  the  volumetric  type.  They 
consist  of  a  glass  bulb  with  a  volume  of  approximately  10  ml  (Fig.  l). 

The  filling  end  of  the  bulb  is  stoppered  by  a  ground  joint  glass  stopper, 
and  at  the  lower  end  a  capillary  is  attached.  The  stem  is  a  calibrated 
capillary  tube  graduated  in  mnr’,  from  0  to  1,400  mm^  and,  the  smallest 
division  of  the  scale  is  5  mm  .  All  dila tome ters  were  checked,  for 
accuracy,  using  mercury.  Four  dila tome ters  were  used,  with  an  overall 
accuracy  as  follows: 


Dila tome ter  No.  17 
Dila tome ter  No.  21 
Dila tome ter  No.  27 
Dila tome ter  No.  28 


-  0.00190  ml. 
0.00202  ml. 

-  0.00160  ml. 
0.00224  ml. 


According  to  "Official  and  Tentative  Methods  of  the  American  Oil  Chemists' 
Society"  (67),  the  accuracy  must  be  at  least  t  0.005  ml. 


The  change  in  fat  volume  during  the  experiment  is  measured 
by  recording  the  level  of  the  confining  fluid  in  the  stem  of  the 
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Fig.  1.  The  dilatometer  of  volumetric  type 
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dila tome ter.  A  confining  fluid,  or  sealing  liquid,  is  used  to  prevent 
entrance  of  the  fat  into  the  capillary  tube  because,  at  low  tempera¬ 
tures,  solidified  fat  can  plug  the  capillary  tube.  Confining  fluid 
can  be  mercury,  dyed  water,  an  aqueous  salt  solution,  or  an  immiscible 
organic  liquid.  A  confining  fluid  must  have  a  lower  freezing  point 

than  the  lowest  reading  temperature  used  in  the  experiment.  For  the 

o  .  o 

investigation  of  the  thermal  expansion  of  milk  fat  from  10  to  60  C, 

1$  potassium  dichromate  was  used.  It  was  deaerated  by  boiling  before 
use.  For  the  temperature  range  from  5°  to  -60°c,  the  confining  fluid 
was  a  concentrated  solution  of  calcium  chloride  in  ethyl  alcohol 
(freezing  point  -85°C)  (6,  38).  When  measuring  thermal  expansion  at 

high  temperatures,  2  ml  of  confining  fluid  was  used;  at  low  tempera¬ 
tures,  3  ml. 

For  the  measurements  at  temperatures  from  10°  to  60°C,  the 
dila tome ters  were  placed  in  a  tall,  glass  cylinder,  through  which  the 
water  from  a  Hoeppler  ultra thermos tat  was  circulated.  The  measurements 
from  5°  to  -60°C  were  carried  out  by  means  of  a  "Minus  Seventy"  thermo¬ 
stat  bath,  with  bridge  control;  the  cooling  medium  was  methyl  alcohol, 
cooled  by  means  of  dry  ice. 

Procedure 

Pure  milk  fat  was  obtained  from  butter  by  melting,  washing, 
drying,  and  filtering.  Before  filling  the  dila tome ters,  the  fat  was 
deaerated  under  vacuum.  During  deaeration,  the  flask  was  agitated 
regularly  to  aid  in  removal  of  dissolved  air. 
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The  dila tome ter s  with  confining  fluid  were  weighed  before 
and  after  filling  to  obtain  the  weight  of  the  fat  by  difference. 

During  filling,  special  care  was  taken  to  avoid  inclusion  of  air 
bubbles  into  the  dilatometer.  Readings  were  made  at  5°  intervals. 

The  readings,  at  each  temperature,  were  taken  every  5  minutes  until 
the  change  in  volume  was  less  than  2  mm  .  The  total  expansion  was 
corrected  for  the  expansion  of  the  confining  fluid  and  of  the  glass. 

The  thermal  expansion  of  the  confining  fluid  for  the  high -temperature 
range  (from  10°  to  60°c)  was  taken  from  the  "International  Critical 
Tables"  ( bb ).  The  coefficient  of  thermal  expansion  for  Pyrex  glass, 
from  which  the  dila tome ters  were  made,  is  3*2  x  10  ^  mm/mm  °C  (Mf). 

The  coefficient  of  thermal  expansion  of  the  confining  fluid  for  the  low- 
temperature  range  was  determined  and  its  value  was  0.7115  mnr/g  C. 

Because  of  the  fact  that  each  experiment  was  done  in  two 
parts  -  one  from  10°  to  60°c,  and  the  other  from  5°  to  -60°C  -  two 
reference  temperatures,  60°C  and  0°c,  were  used  for  calculation  of 
the  volume  of  the  fat  at  different  temperatures. 

As  the  first  step,  the  volume  of  the  dila tome ter  filled  up 
to  the  zero  mark  was  determined  in  the  following  manner.  The  dilatometer 
was  filled  with  deaerated,  distilled  water  and  the  weight  of  water  was 
measured.  The  dilatometer  was  immersed  into  the  water  bath  and  the 
reading  was  taken  at  60  C.  The  volume  of  the  dilatometer  was  then 
calculated  from: 

Vo  (60°)  =  v(60°)  -  R(60°)  =  G  X  y  -  R(60o} 


* 
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where, 

V0  f£nP\  ~  volume  of  the  dilatometer  up  to  the  zero  mark 
(6°  ;  at  60°C,  in  mm? 


v  (60°) 

—  total  volume  of  water  in  the  dilatometer  at 
60°C,  in  mm3 

G 

=  amount  of  water  in  the  dilatometer,  in  g 

V 

=  specific  volume  of  water  at  60°C  = 

1,017.05  mm3/g0  (44) 

R  (6o°) 

=  reading  at  60°C,  in  mm3 

For  the  dilatometers  used,  the  following  values  were  found: 


Dilatometer  No. 

17  21  27  28 

vo(60°),  in  nlm3 

10,337  11,534  12,024  ll,46l 

For  the  second  reference  temperature,  i.e.,  0°C,  the  volume 
of  the  dilatometer  filled  up  to  the  zero  mark  was  found  from  the 


equation: 

o 

o 

o 

> 

=  Vo  (60°)  -  AV  =  V0  (60°)  x  (1  -  6or) 

where, 


o 

o 

o 

> 

~  volume  of  the  dilatometer  to  the  zero  mark 
at  0°0,  in  mm3 

vo  (60c) 

=  volume  of  the  dilatometer  to  the  zero  mark 
at  60°c,  in  mm3 

AV 

=  volume  contraction  in  mnr 

T 

=  coefficient  of  cubic  expansion  of  Pyrex.glass, 
=  3  x  3-2  x  10’°  =  9.6  x  10"6 
ram3 /mm3  °C 

The  actual  volume  of  the  four  dilatometers  was: 
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Dila tome ter  No.  17 

vo  (0°)>  in  10,331 


21  27  28 

11,527  12,017  11,454 


In  this  way,  two  reference  volumes  were  determined  and 
these  values  were  used  in  further  calculations. 


The  absolute  volume  of  10  g  of  fat  at  temperature  t°  C,  was 
calculated  as  follows: 


V10  (t) 


10 

G 


(^o(rt)  +  R(t) 


cd  +  Ccf) 


where, 


V10  (t) 


absolute  volume  of  10  g  of  fat  at  temperature 
t°C ,  in  mm3 


G  =  weight  of  fat  in  dila tome ter,  in  g 


vo(rt) 

R(t) 


volume  of  the  dila tome ter  filled  to  the  zero 
mark  at  reference  temperature,  in  mnr 

reading  at  t°C,  in  mm^ 


correction  for  the  expansion  of  the  dila tome ter 
between  reference  temperature  and  t°C,  in  mnr 


Ccf  =  correction  for  the  expansion  of  the  confining 

fluid,  in  mnr 


The  calculations  of  Vjq  were  made  for  the  temperature  range 
between  -60°  to  60°C  at  5°C’  intervals  and  the  results  were  used  for 
the  calculation  of  solid  fat  content. 


Calculation  of  Solid  Fat  Content 

To  obtain  a  complete  series  of  values,  it  was  necessary  to 
have  measurements  below  the  temperature  at  which  milk  fat  is  completely 
solid  and  above  the  temperature  at  which  milk  fat  is  completely  liquid. 
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In  other  words,  it  is  necessary  to  obtain  the  "solid”  and  "liquid” 
lines.  The  'solid"  line  was  obtained  by  measuring  the  thermal  dilation 
of  milk  fat  from  -k0°  to  -60°C,  and  the  "liquid"  line  from  b0°  to 
60  C°  Both  lines  were  extrapolated  in  order  to  cover  the  whole  range 
in  which  milk  fat  is  plastic,  i.e.,  in  the  range  where  two  phases 
exist.  In  the  Fig.  2,  the  "liquid"  line  .DE  was  extrapolated  to  the 
temperature  of  -kO°Q  (section  DH),  and  the  "solid"  line  AB,  to  the 
temperature  of  40°C  (section  BK). 

The  solid  fat  content  (SFC),  at  temperature  t,  is  now  calculated 

from: 

PC' 

SFC  =  ^  x  100# 

Point  F  represents  the  imaginary  volume  of  a  superheated  fat  in  the 
solid  state,  at  temperature  t°»  Point  C  represents  the  real  volume  of 
fat  at  temperature  t°  containing  two  phases,  and  G  represents  the  volume 
of  a  supercooled  fat  in  the  liquid  state,  at  temperature  t°.  The  section 
GF  represents  the  volume  increase  during  complete  melting  at  constant 
temperature,  since  the  section  GC  represents  the  volume  increase  caused 
by  melting  of  the  remaining  solid  phase  in  an  actual  case. 

Thermal  Treatment  of  Milk  Fat 

The  milk  fat  used  was  summer  fat,  obtained  in  July,  and 
winter  fat,  obtained  in  December;  representing  soft  and  hard  milk  fat. 

Both  fats  received  a  number  of  different  thermal  treatments  that  were 
carried  out  after  filling  the  dilatometers  with  completely-melted  milk 
fat,  at  approximately  60  G. 


SPECIFIC  VOLUME,  cm3/g 
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li 


Fig.  2.  Schematic  drawing  of  dilatometric  curve, 

showing  method  of  calculating  solid  fat  content 
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The  treatments  were  as  follows: 

1.  Rapid  cooling,  by  immersion  of  the  dilatometers  in  an 
ice-water  mixture  at  0°C  and  keeping  overnight  at  0°C. 

2.  Rapid  cooling,  to  0°C,  as  under  (l),  and  keeping  over¬ 
night  at  0°C  followed  by  tempering  in  water  at  15°C  for 
two  hours. 

3-  Same  as  under  (2)  but  tempering  carried  out  at  25°C 
for  two  hours. 

b.  Initial  cooling  by  immersion  in  water  at  15°C  for 
two  hours,  followed  by  immersion  in  an  ice-water 
mixture  at  0°C  overnight. 

5.  Initial  cooling  by  immersion  in  water  at  25°C  for  two 
hours,  followed  by  immersion  in  an  ice-water  mixture 
at  0°c  overnight. 
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RESULTS 


The  coefficient  of  thermal  expansion 

— C—  I  ■■  ■!  '■!■  I  III' I  III  I  — — 

The  coefficient  of  thermal  expansion  of  completely  solid 
milk  fat  is  represented  by  the  slope  of  the  "solid”  line  and  of 
completely  liquid  fat  by  the  slope  of  the  "liquid"  line,  in  the 
volume -temperature  coordinate  system.  For  temperature  intervals 
from  -40° to  -60°C  and  ^0° to  60°C,  it  was  assumed  that  the  coefficients 
of  thermal  expansion  of  solid  and  liquid  milk  fat  are  constants.  After 
the  regression  lines  were  calculated  from  the  data  obtained  by  the 
measurements,  it  was  found  that  there  were  only  negligible  differences 
between  the  values  obtained  from  the  regression  equations  and  actual 
volumes  of  milk  fat  so  that  the  previous  assumption  was  justified. 

For  each  thermal  treatment,  four  replicates  were  tested.  The 
coefficients  of  thermal  expansion  of  solid  and  liquid  fat  were  found 
by  regression  equations  for  each  replicate.  The  coefficients  of  thermal 
expansion  of  solid  fat  as  and  liquid  fatOd^  for  winter  milk  fat  are 
listed  in  Table  1,  and  for  summer  milk  fat,  in  Table  2. 

In  the  text,  and  in  the  tables  and  diagrams,  the  following 
notation  for  different  thermal  treatments  has  been  used: 

Sample  series  1,  -  The  melted  milk  fat  rapidly  cooled  to  0°c 

0°  0°C  and  kept  overnight  at  0°C. 
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-  The  melted  milk  fat  rapidly  cooled  to 
o 

0  C,  kept  overnight  at  the  same  tempera¬ 
ture,  and  then  tempered  at  15°C  for  two 
hours  before  testing. 

-  The  same  rate  of  cooling  as  sample  series 
2,  only  tempering  at  25°C  for  two  hours. 

-  The  melted  milk  fat  cooled  at  15°C  for 
two  hours,  then  at  0°C  overnight. 

-  The  melted  milk  fat  cooled  at  25°C  for 
two  hours,  then  at  0°C  overnight. 

Mean  values  of  the  coefficients  of  thermal  expansion  were: 

Winter  milk  fat 
ots  =  0.582  x 

=  0.882  x 


Summer  milk  fat 


II 

</> 

* 

0.608  X 

io‘3 

cm3/g  °C 

<*1  = 

0.879  X 

io“3 

cm3/g  °C 

Geometric  or  logarithmic  means  of  these  values  were  identical 
with  above-mentioned  means. 

Standard  deviations  of  a  normal  distribution  by  the  least 
squares  method  of  the  coefficients  of  thermal  expansion  were: 


10~3  cm3/ g  °C 

1  3  /  O 

10  cut  /g  c 


Sample  series  2, 


0 


15°C 


Sample  series  3> 


0 


25°C 


Sample  series  U, 


o 

0  C 


Sample  series  5> 


25' 


0°c 


i\  mr  C  t  k)?  .0  =* 
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Winter  milk 

fat 

% 

=  0.0098 

X 

10'3 

<3t 

=  0.0071 

X 

10-3 

Summer  milk 

fat 

% 

=  0.0084 

X 

io‘3 

6i 

=  0.0045 

X 

10"3 

The  coefficients  of  variability  of  these  values ,  i.e.,  the 
standard  deviation,  as  per  cent  of  the  mean  value,  were: 

Winter  milk  fat 

=  1.68$ 

V,  =0.80$ 

Summer  milk  fat 

Vs  =  l.38j6 

VL  =  0.51 i 

The  melting  dilation 

The  melting  dilation  is  the  expansion  value  for  an  isothermal 
change  from  the  solid  to  the  liquid  state.  The  melting  dilations  were 
found  as  differences  between  volumes  on  "solid"  and  "liquid"  lines.  The 
melting  dilation  of  winter  and  summer  milk  fat  for  each  thermal  treat¬ 
ment  was  calculated  and  also  the  mean  value  of  replicates  for  each 
thermal  treatment.  In  Table  3>  the  melting  dilations  of  winter  and 
summer  milk  fat,  for  the  temperature  range  from  -40°  to  4o°C,  are  given. 
For  winter  milk  fat,  the  melting  dilation  at  -40  C  was  47*53  x  10  3  cm'/'fe; 


. 
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at  40°C,  71*40  x  10  ^  cm^/g;  and  for  summer  milk  fat,  45.46  x  10  ^  cm^/g 

•3  3 

and  67.71  x  10  cm  /g  with  the  average  rate  of  increase  being  0.30  x 
3  3  o 

10  cm  /g  C  for  winter,  and  0.28  x  10  ^  cm^/g  °C  for  summer  milk  fat. 
The  solid  fat  content 

The  solid  fat  content  of  winter  and  summer  milk  fat  was 
determined  over  the  temperature  range  in  which  the  fat  is  plastic,  in 
this  case,  -40  to  40  c.  Using  the  coefficients  of  thermal  expansion 
of  the  solid  and  liquid  phases,  the  volumes  on  "solid”  and  "liquid" 
lines  were  calculated  for  each  five-degree  interval.  The  "solid"  and 
"liquid"  lines,  obtained  as  described,  were  used  for  the  calculations 
of  solid  fat  content  for  the  given  temperature  range.  In  Fig.  3>  the 
dilatometric  curve  for  winter  milk  fat  and  thermal  treatment  0°—^  25°C 
is  given.  Fig.  4  represents  the  dilatometric  curve  of  summer  milk  fat 
for  the  same  thermal  treatment.  In  Figs.  3  and  4,  the  equations  for 
the  "solid"  and  "liquid"  lines  are  given,  which  are  calculated  as  re¬ 
gression  lines  using  the  data  of  measurements  in  the  regions  where  the 
fat  was  completely  solid  (-40°  to  -60°C)  and  completely  liquid  (  40°  to 
60°c).  In  Tables  4  and  5,  the  solid  fat  contents  of  winter  and  summer 
milk  fat  and  different  thermal  treatments  are  listed. 

The  rate  of  melting 

Figs.  5-9  represent  solid  fat  content  and  rate  of  melting 
of  winter  milk  fat  for  each  thermal  treatment,  and  Figs.  10  -  l4 
represent  solid  fat  content  and  rate  of  melting  of  summer  milk  fat. 


■ 


-  3^  - 


In  these  figures,  curves  A  represent  the  change  of  solid  fat  content 
with  temperature,  and  curves  B  are  derivative  curves  representing  the 
average  slope  (in  ^  per  °C)  of  the  basic  curves  A  between  two  temper¬ 
atures.  The  physical  expression  of  the  derivative  curve  can  be  easily 
seen  from  its  dimension,  i.e.  per  cent  per  degree  centigrade  which 
represents  the  rate  of  melting.  The  horizontal  dotted  lines  C  represent 
the  average  rate  of  melting  over  the  entire  range.  In  Tables  6  and  7 
the  numerical  values  for  rate  of  melting  are  listed  for  each  thermal 
treatment  of  winter  and  summer  milk  fat. 

In  Tables  8  and  9  several  characteristic  values  of  the  rate 
of  melting  of  winter  and  summer  milk  fat  and  different  thermal  treat¬ 
ments  are  given.  These  are:  the  overall  average  rate  of  melting  which 
is  naturally  constant  and  independent  of  thermal  treatments,  the  above 
average  rate  of  melting  which  is  defined  as  an  average  rate  of  melting 
in  the  temperature  interval  limited  by  the  intersections  of  the  rate- 
of -melting  curve  (B,  Figs.  5  -  1*0  and  overall  average  rate  of  melting 
(horizontal  line  C),  the  third  characteristic  value  of  rate  of  melting 
is  its  maximum  and  the  corresponding  temperature.  In  Table  10  a 
comparison  of  the  rates  of  melting  with  different  thermal  treatments  of 
winter  and  summer  milk  fat  is  given. 


~r 
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Table  1.  The  coefficients  of  thermal  expansion  of  winter  milk  fat 


Coefficient 

Thermal  treatment 

of  thermal 
expansion 

N°  of 
sample 

1 

2 

3 

4 

5 

io- 

■3  cm3/g  °C 

1 

O.588 

0.584 

0.584 

0.590 

0.567 

oc 

2 

O.588 

0.572 

O.576 

O.586 

0.563 

s 

3 

0.594 

O.588 

O.588 

O.588 

0.570 

4 

0.598 

O.58O 

O.58O 

O.590 

0.567 

1 

0.880 

0.878 

0.882 

0.894 

0.884 

2 

0.888 

0.884 

0.884 

0.876 

0.874 

3 

O.890 

0. 884 

0.888 

0.884 

0.876 

4 

0.879 

0.874 

0.872 

0.880 

0. 888 

oLs  -=  Coefficient 

of  thermal 

expansion 

of  solid 

phase 

OC^  ~  Coefficient  of  thermal  expansion  of  liquid  phase 
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Table  2.  The  coefficients  of  thermal  expansion  of  summer  milk  fat 


Coefficient 

Thermal  treatment 

of  thermal 
expansion 

N°  of 
sample 

1 

2 

3 

4 

5 

10’ 3  cm3/g 

°C 

1 

0.608 

0.612 

0.610 

0.612 

0.620 

2 

0.601+ 

0.624 

0.598 

O.588 

0.610 

06c 

3 

0.616 

0.618 

O.616 

0.600 

0.608 

4 

0.610 

0.602 

0.602 

0.602 

0.608 

1 

0.882 

0.882 

0.882 

0.878 

0.888 

2 

0.876 

0.874 

0.880 

0.870 

0.874 

Oil 

3 

0.874 

0.880 

0.882 

0.874 

0.880 

b 

0.879 

0.882 

0.878 

0.888 

0.880 

Ot  -  Coefficient  of  thermal  expansion  of  solid  phase 
Oi ^  =1  Coefficient  of  thermal  expansion  of  liquid  phase 
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Table  3*  The  melting  dilation  of  winter 
and  summer  milk  fat 


Temperature 

°C 

Winter 

Summer 

10"3 

cm3/g  °C 

-40 

47-53 

45.46 

-35 

1+9.03 

46.84 

-30 

50.52 

48.17 

-25 

52.02 

49.57 

-20 

53.50 

50.89 

-15 

54.99 

52.27 

-10 

56.49 

53.63 

-  5 

57.98 

54.97 

0 

59.47 

56.33 

5 

60.96 

57.70 

10 

62.45 

59.06 

15 

63.94 

60.91 

20 

65.44 

62.28 

25 

66.93 

63.51 

30 

68.42 

64.99 

35 

69.91 

66.35 

40 

71.40 

67.71 
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Table  4.  The  solid  fat  content  of  winter  milk  fat  with  various 
thermal  treatments 


Thermal 
trea  tment 

1 

2 

3 

4 

5 

Tempera  ture 
°C 

Solid  fat  content  $ 

-40 

99-4 

99-2 

99.3 

99.5 

99.4 

-35 

97-8 

97.9 

97.6 

97.7 

98.4 

-30 

95-5 

95.1 

94.9 

95.6 

95.8 

-25 

91.3 

90.7 

91.1 

92.0 

91.2 

-20 

86.0 

85.7 

86.4 

86.8 

85.5 

-15 

80.6 

80.6 

81.1 

81.3 

80.2 

-10 

76.0 

75.5 

75-5 

76.1 

76.0 

-  5 

72.9 

70.4 

69.4 

71-3 

72.2 

0 

69.9 

65.O 

62.4 

66.5 

68.8 

5 

66.5 

58.5 

53.9 

60.9 

64.4 

10 

61.9 

49.9 

43.6 

51.2 

58.3 

15 

45.2 

39.0 

32.2 

37.7 

43.2 

20 

23.3 

24.4 

20.9 

23.2 

23.1 

25 

15.1 

l4.1 

12.7 

14.9 

14.4 

30 

8.6 

7.9 

7.0 

8.0 

7.6 

35 

2.6 

2.5 

2.4 

2.5 

2.5 

40 

0 

0 

0 

0 

0 
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Table  5»  The  solid  fat  content  of  summer  milk  fat  with  various 
thermal  treatments 


Thermal 

treatment 

l 

2 

3 

4 

5 

Temperature 

°C 

Solid  fat  content 

-40 

99-8 

99-7 

99.7 

99.7 

99-5 

-35 

98.4 

98.1 

98.6 

98.2 

97-8 

-30 

96.0 

95.2 

95.2 

95-8 

95.4 

-25 

91.9 

91.0 

90.8 

92.2 

91.6 

-20 

86.6 

84.9 

85.5 

86.6 

86.7 

-15 

80.6 

78.7 

79.4 

80.1 

80.9 

-10 

75.8 

73.4 

72.4 

74.5 

75.7 

-  5 

71.9 

67.5 

64.9 

68. 5 

71.2 

0 

68.4 

60.7 

57-0 

61.7 

67.3 

5 

64. 0 

52.9 

48.9 

54.2 

62.4 

10 

55.0 

43.7 

4o.i 

45.7 

53.2 

15 

39.9 

32.4 

30.1 

32.5 

39.1 

20 

20.2 

19-7 

19.0 

19.2 

20.2 

25 

12.6 

12.3 

11.2 

12.2 

12.3 

30 

6.6 

6.4 

5.8 

6.7 

6.2 

35 

1.2 

1.9 

1.5 

2.1 

1.8 

4o 

0 

0 

0 

0 

0 
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Table  6.  The  rate  of  melting  of  winter  milk  fat  with 
various  thermal  treatments 


Thermal 
trea  tment 

1 

2 

3 

4 

5 

Temperature 

°C 

from  to 

Ra  te 

of  melting  <f>/ 5°C 

-40 

-35 

1.6 

1.3 

1-7 

1.8 

1.0 

-35 

-30 

2.3 

2.8 

2.7 

2.1 

2.6 

-30 

-25 

4.2 

4.4 

3-8 

3-6 

4.6 

-25 

-20 

5*3 

5.0 

4.7 

5-2 

5-7 

-20 

-15 

5-4 

5-1 

5-3 

5-5 

5-3 

-15 

-10 

4.6 

5.1 

5-6 

5.2 

4.2 

-10 

-  5 

3.1 

5-1 

6.1 

4.8 

3.8 

-  5 

0 

3-0 

5-H 

7-0 

4.8 

3-H 

0 

5 

3.H 

6.5 

8.5 

5.6 

4.4 

5 

10 

4.6 

8.6 

10.3 

9-7 

6.1 

10 

15 

16.7 

10.9 

11.4 

13.5 

15.1 

15 

20 

21.9 

14.6 

11.3 

14.5 

20.1 

20 

25 

8.2 

10.3 

8.2 

8.3 

8.7 

25 

30 

6.5 

6.2 

5-7 

6.9 

6.8 

30 

35 

6.0 

5.4 

4.6 

5-5 

5.1 

35 

4o 

2.6 

2.5 

2.4 

2.5 

2.5 
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Table  7«  The  rate  of  melting  of  summer  milk  fat  with 
various  thermal  treatments 


Thermal 
trea  tment 

1 

2 

3 

4 

5 

Tempera ture 
°C 

Ra  te 

of  melting  $>/ 5°C 

from 

to 

-4o 

-35 

l.b 

1.6 

1.1 

1.5 

1.7 

-35 

-30 

2.4 

2.9 

3-4 

2.4 

2.4 

-30 

-25 

4.1 

4.2 

4.4 

3.6 

3.8 

-25 

-20 

5-3 

6.1 

5.3 

5.6 

4.9 

-20 

-15 

6.0 

6.2 

6.1 

6.5 

5.8 

-15 

-10 

4.8 

5.3 

7.0 

5.6 

5.2 

-10 

-  5 

3-9 

5-9 

7.5 

6.0 

4.5 

-  5 

0 

3*5 

6.8 

7.9 

6.8 

3.9 

0 

5 

4.4 

7-8 

8.1 

7.5 

4.9 

5 

10 

9.0 

9.2 

8.8 

8.5 

9-2 

10 

15 

15.1 

11.3 

10.0 

13.2 

l4..l 

15 

20 

19.7 

12.7 

11 .  .1 

13.3 

18.9 

20 

25 

7.6 

7.4 

7.8 

7.0 

7.9 

25 

30 

6.0 

5-9 

5.4 

5.5 

6.1 

30 

35 

5.4 

4.5 

4.3 

4.6 

4.4 

35 

40 

1.2 

1.9 

1.5 

2.1 

1.8 
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Table  8.  Characteristic  values  of  the  rate  of  melting  of 
winter  milk  fat 


Thermal 

treatment 

1 

2 

3 

4 

5 

The  average  rate 

of  melting 

l.l4  $>/°C  -  for  all  thermal 

treatments 

The 

above  average 

rate  of 

melting 

<D 

u 

2  H 
-P  ctf 
«3  > 

P  P 

from 

8.5 

-0.4 

11.7 

2.6 

6.8 

O  0 

P*  -P 

s  a 

0  *H 

to 

33.1* 

30.9 

28.1 

32.5 

30.9 

EH 

Rate 

of 

melting 

2.40 

I.89 

1.72 

1.95 

2.34 

i/°c 

Maximum  rate 

of  melting 

Temperature 

16.3 

°C 

16.5 

IT- 5 

15.4 

15.9 

Rate  of 
melting 

4.44 

3.00 

2.36 

3.04 

4.l6 

<f>/°  c 
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Table  9.  Characteristic  values  of  the  rate  of  melting  of 
summer  milk  fat 


Thermal 

treatment 

1  2 

3 

4 

5 

The  average  rate  of  melting 

1.14  io/° C  -  for  all  thermal  treatments 

The  above  average 

rate  of 

melting 

Temperature 

interval 

from 

to 

4.6  -8.2 

29.6  28.1 

-20.0 

26.6 

-10.2 

26.9 

3*7 

29.0 

Rate  of 
melting 

i/°c 

2.30  1.74 

1.64 

1.74 

2.22 

Maximum  rate 

of  melting 

Temperature 

°c 

16.8  16.5 

16.3 

14.6 

17.6 

Rate  of 
me lting 
i/0  C 

4.00  2.60 

2.28 

2.96 

3.80 
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Table  10.  Comparison  of  rates  of  melting  with  various 
thermal  treatments 


Thermal  1  2  3  4  5 

treatment 


Average  rate  of  melting  of  winter  milk  fat  $/° C 


CD 

5 

3  iH 
P  CO 

0° 

-  25°C 

2.19 

2.04 

1.91 

2.06 

2.18 

g  e 

<d  <u 

O4  P 

S  a 

<D  <H 

EH 

10° 

-  20°C 

3.86 

2.95 

2.27 

2.80 

3.52 

Average  rate  of  melting  of  summer  milk  fat  <j0/° C 


0 

Jh 

3  rH 

0° 

-  25°C 

2.23 

1.94 

1.83 

1.98 

2.20 

P  CO 

CO  > 

CD  <D 

10° 

-  20°C 

3.48 

2.40 

2.11 

2.65 

3.30 

Qj  P 

S  C 

CD  *H 
EH 
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Fig.  3.  The  dilatometr ic  curve  of  winter  milk  fat, 
sample  series  3 


TEMPERATURE , 


-  45  - 


-<2— T 


f2  iUO 


‘  3miOA  0UI03dS 


o 

G 


Fig.  4.  The  dilatometr ic  curve  of  summer  milk  fat, 
sample  series  3 
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Fig.  5.  The  solid  fat  content  and  the  rate  of  melting, 
winter  milk  fat,  sample  series  1 


Fig.  6.  The  solid  fat  content  and  the  rate  of  melting, 
winter  milk  fat,  sample  series  2 
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Fig.  7.  The  solid  fat  content  and  the  rate  of  melting, 
winter  milk  fat,  sample  series  3 
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Fig.  8.  The  solid  fat  content  and  the  rate  of  melting, 
winter  milk  fat,  sample  series  4 
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Fig.  9.  The  solid  fat  content  and  the  rate  of  melting, 
winter  milk  fat,  sample  series  5 
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Fig.  10.  The  solid  fat  content  and  the  rate  of  melting, 
summer  milk  fat,  sample  series  1 


RATE  OF  MELTING,  %!°C 


-  53  - 


/.  74  %  /  °C 

~i 


-40 


-20 


0  20  40 

TEMPERATURE ,  °C 


Fig.  11.  The  solid  fat  content  and  the  rate  of  melting, 
summer  milk  fat,  sample  series  2 
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Fig.  12.  The  solid  fat  content  and  the  rate  of  melting, 
summer  milk  fat,  sample  series  3 
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Fig.  13.  The  solid  fat  content  and  the  rate  of  melting, 
summer  milk  fat,  sample  series  4 
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Fig.  14.  The  solid  fat  content  and  the  rate  of  melting, 
summer  milk  fat,  sample  series  5 
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DISCUSSION 


The  coefficient  of  thermal  expansion 

The  thermal  expansion  of  the  liquid  phase  of  milk  fat 
was  found  to  be  higher  than  that  of  the  solid  phase,  a  finding  which 
has  also  been  reported  by  several  authors  (l8,  38,  83).  It  could  be 
assumed  that  different  thermal  treatments  influence  the  coefficients  of 
thermal  expansion  of  the  solid  fat  because  they  result  in  the  formation 
of  different  types  of  crystals  and  these  could  have  different  spatial 
arrangements  in  the  completely  solid  fat.  For  this  reason,  the  data 
was  analyzed  statistically.  Standard  deviations  of  the  normal  dis¬ 
tribution  for  different  thermal  treatments  of  winter  milk  fat  were 
-3 

0.0179  x  10  ,  and  of  summer  milk  fat,  0.00^5  x  10  ,  with  coefficients 

of  variability  3«07 6$  and  O.'jkCff) ,  respectively.  These  figures  show 
that  the  differences  in  coefficients  of  thermal  expansion  for  different 
thermal  treatments  were  within  the  experimental  error.  In  addition, 
there  were  only  negligible  differences  between  coefficients  of  thermal 
expansion  of  liquid  milk  fat  for  different  thermal  treatments.  The 
standard  deviation  of  the  normal  distribution  for  various  thermal  treat- 
ments  of  winter  milk  fat  in  the  liquid  state  was  0.00^5  x  10"  ,  and  of 

_o 

summer  milk  fat,  0.00^5  x  10  ,  with  coefficients  of  variability  0.510$ 

and  0.512$,  respectively.  It  can  be  concluded  that  the  coefficients 
of  thermal  expansion  of  milk  fat  do  not  differ  significantly  after 


various  thermal  treatments. 
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The  melting  dilation 

Measurements  of  the  thermal  dilation  of  milk  fat  have  shown 
that  there  are  three  distinct  temperature  regions  in  which  milk  fat 
has  different  characteristics.  Below  -40°C,  the  fat  is  completely 
solid;  between  -40°C  and  40°C,  the  fat  is  plastic,  i.e.,  it  contains 
solid  and  liquid  phase  simultaneously  in  a  ratio  which  is,  besides  other 
factors,  chiefly  dependent  on  temperature;  above  40°C,  the  fat  is 
completely  liquid  and  shows  the  properties  of  Newtonian  fluids. 

In  the  region  where  milk  fat  is  plastic,  an  increase  in  temper¬ 
ature  influences  the  thermal  dilation  of  the  solid  phase,  the  thermal 
dilation  of  liquid  phase,  and  the  melting  dilation.  Because,  as  is  shown 
above,  the  thermal  dilation  of  completely  solid  and  completely  liquid 
fat  is  regular,  only  the  plastic  region  will  be  dealt  with  here. 

It  was  found  that  various  thermal  treatments  which  were  used 
did  not  influence  the  melting  dilation  of  milk  fat.  Certain  differences 
between  melting  dilations  of  winter  and  summer  milk  fat  were  found. 

Winter  milk  fat  had  a  greater  melting  dilation  than  summer  milk  fat 
as  a  consequence  of  a  higher  solid  fat  content  of  winter  milk  fat. 

The  solid  fat  content  and  the  rate  of  melting 

In  the  work  presented,  several  thermal  treatments  were  used. 

The  main  idea  was  to  apply  different  cooling  procedures  resulting  in 
different  conditions  for  milk  fat  crystallization.  The  temperature 
treatment  of  sample  series  1  (0°— >-  0°c^  provided  the  maximum  rate  of 
cooling.  The  2nd  and  3rd.  sample  series  received  the  same  rate  of  cooling. 


. 
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but  a  certain  degree  of  recrystallization  was  obtained  by  tempering  at 
15°  and  25°C.  In  the  case  of  sample  series  4  and  5>  the  cooling  was 
divided  into  two  steps,  so-called  stepwise  cooling.  In  sample  series  4, 
the  first  step  was  cooling  to  15°C,  resulting  in  the  formation  of  a 
certain  amount  of  layer  crystals,  followed  by  cooling  to  0°C.  Sample 
series  5  was  first  cooled  to  25°C  and  then  to  0°C.  The  temperature 
0°C  was  used  as  the  lowest  one  for  all  thermal  treatments  because,  as 
was  pointed  out  before  (l8),  cooling  to  lower  temperatures  does  not 
influence  the  solid  fat  content. 

As  can  be  seen  from  Tables  4  and  5>  there  were  no  great  differ¬ 
ences  in  solid  fat  content  in  the  range  of  -40°  to  0°C  after  different 
thermal  treatments.  Also,  there  were  no  great  differences  in  solid  fat 
content  at  temperatures  above  25°C.  Thus,  the  greatest  differences  in 
the  solid  fat  content  occurred  between  0°  and  25°C.  For  the  above- 
mentioned  temperatures  there  were  higher  solid  fat  contents  in  winter 
milk  fat  after  various  thermal  treatments  than  in  summer  milk  fat. 

Generally,  rapid  cooling  to  0°C  resulted  in  higher  solid  fat 
content  than  stepwise  cooling  and  tempering.  If  rapidly-cooled  milk 
fat  (sample  series  l)  is  taken  as  a  reference,  then  sample  series  5 
(stepwise  cooling  25°-**0°C)  showed  the  greatest  similarity.  This  seems 
quite  logical  because  by  cooling  to  25°C,  only  about  l4$  of  the  fat  was 
crystallized  with  a  lower  rate  of  cooling,  while  most  of  the  remaining 
86$  had  been  crystallized  in  the  second  step,  during  cooling  from 
25°  to  0°C  with  a  high  rate  of  cooling.  Greater  differences  in  solid 
fat  content  appeared  between  the  reference  sample  series  and  sample 
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series  2  and  4.  The  temperature  of  15°C  seems  to  be  a  critical  one 
for  milk  fat,  because  in  the  proximity  of  this  temperature  a  large 
proportion  of  the  crystals  melt  and  in  both  cases  (tempering  at  15  °C, 
and  stepwise  cooling  with  the  first  step  at  15°C),  15°C  is  involved 
as  a  key  temperature.  Sample  series  3  (0°  — *-  25°C)  shows  the  greatest 
difference  with  the  reference  sample  series  in  the  temperature  inter¬ 
val  0°  -  25°C.  It  is  clear  from  these  results  that  thermal  treatment 
has  a  marked  influence  on  the  solid  fat  content  of  both  winter  and 
summer  milk  fat . 

The  horizontal  line  C,  (Figs.  5-14)  showing  the  value  of 
I.l4#/°C,  represents  the  average  rate  of  melting  over  the  entire  tempe¬ 
rature  range  in  which  the  milk  fat  is  plastic.  The  temperature  range, 
in  which  the  rate  of  melting  is  above  average  (l.l4$/°C)  depends  on  the 
thermal  treatment  as  well  as  on  the  chemical  composition  of  the  fat. 

For  winter  milk  fat,  the  reference  sample  series  (rapid 
cooling  to  0°C)  has  the  narrowest  temperature  range  in  which  above  ave¬ 
rage  amounts  of  crystals  melt,  from  8.5°  to  33 • 4°C.  The  decrease  in 
solid  fat  content,  within  this  range,  is  63.8  -  4.1  =  59*7$’>  which 

gives  a  rate  of  melting  of  59*7/24.9  =  2.40$>/°C.  Sample  series  5  is 

only  slightly  different  (62.7  -  6*3)/(30.9  -  6.8)  =  2.34$>/°C.  A 
considerably  wider  range  was  found  with  both  sample  series  2  and  4, 
-0.4°  to  30.9°C,  and  2.6°  to  32*5°C;  decreases  in  solid  fat  contents 
being  65.2  -  6.0  =  59*2 $,  and  63.5  -  5-2=  58.3 1°,  respectively  with 

a  rate  of  melting  of  I.89  and  1-95 $>/°C.  Sample  series  3  showed  the 
greatest  deviation  from  the  reference  sample  series,  with  above  average 


- 


-  61  - 


melting  between  -11.7°  and  28.1°C,  and  decrease  in  the  solid  fat 
content  of  77* 4  -  9-0  =  68 .  4$>  and  rate  of  melting  of  1.72 $>/°C. 

For  summer  milk  fat,  the  values  of  melting  rates  for  the 
various  thermal  treatments  were  similar  to  those  of  winter  milk  fat. 
Sample  series  1  had  a  rate  of  melting  of  2.30$>/°C  and  sample  series 
5,  2.22$)/°C.  Sample  series  2,  3>  and  4  were  1.74,  1.64,  and  1.74$>/°C 
respectively.  However,  the  temperature  intervals  in  which  above 
average  melting  rates  occur,  were  wider  than  of  winter  milk  fat,  which 
indicates  that  summer  milk  fat  has  a  greater  variety  of  crystals  with 
melting  points  that  differ  from  each  other  over  a  wider  range  than 
winter  milk  fat. 

In  order  to  provide  a  possibility  for  direct  comparison  of 
melting  behaviour  of  milk  fat  thermally  treated  in  different  ways,  two 
fixed  temperature  ranges  were  chosen:  0°  -  25°C  and  10°  -  20°C .  The 
limits  of  the  first  temperature  interval  were  chosen  because  the  solid 
fat  content  changes  most  between  0°C  and  25°C.  The  interval  from 
10°  -  20°C  was  used  because  the  maximum  rate  of  melting  occurs  between 
14.6°  and  17.6°C.  From  table  10,  it  can  be  concluded  that  average  rates 
of  melting  within  the  two  fixed  temperature  ranges  for  both  winter  and 
summer  milk  fat,  and  for  different  thermal  treatments,  are  in  agreement 
with  the  average  rates  of  melting  given  in  Tables  8  and  9* 

The  highest  solid  fat  content  in  winter  and  summer  milk  fat 
was  found  in  sample  series  1,  a  similar  conclusion  was  reached  in 
several  published  papers  (20,  21,  24,  26,  28).  The  rates  of  melting 
indicate  that  the  maximum  amount  of  mixed  crystals  was  formed  by  rapid 
cooling  to  0°C  (sample  series  l).  The  presence  of  mixed  crystals  means 
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that  the  greatest  part  of  the  fat  will  melt  in  a  narrow  temperature 
range,  i.e.,,  with  a  high  rate  of  melting.  The  slightly  lower  solid 
fat  content  in  sample  series  5  can  be  explained  by  assuming  that  by 
holding  at  2.5°C  for  two  hours,  a  certain  amount  of  high-melting  glycer¬ 
ides  was  crystallized,  thus  diminishing  the  number  of  centers  of 
crystallization.  Sample  series  3  (0°— 3*-25°C)  shows  the  opposite 
results  from  sample  series  1  and  5>  i.e.,  the  lowest  solid  fat  content 
and  the  lowest  rate  of  melting.  Tempering  at  25°C,  for  two  hours, 
resulted  in  a  partial  recrystallization,  so  that  some  of  the  previously 
formed  mixed  crystals  were  transformed  into  layer  crystals.  Sample 
series  2  (0oh^15°C)  and  4  (15° 0°c)  differed  slightly  from  each  other. 
The  solid  fat  content  and  the  rate  of  melting  were  intermediate  between 
the  values  of  sample  series  1  and  3«  This  was  to  be  expected  because 
the  thermal  treatments  of  sample  series  2  and  4  can  be  considered 
intermediate  between  those  of  sample  series  1  and  3* 


It  has  been  shown  that  the  coefficients  of  thermal  expansion 
did  not  differ  significantly  after  various  thermal  treatments.  This 
indicates  that  there  are  no  differences  in  coefficients  of  thermal 
expansion  of  mixed  and  layer  crystals.  There  were  differences  between 
the  coefficients  of  thermal  expansion  of  solid  and  liquid  milk  fat, 
the  latter  was  higher  than  the  former. 

The  melting  dilations  of  milk  fat  did  not  differ  after 
various  thermal  treatments  used  in  this  work.  The  melting  dilations 
of  winter  milk  fat  were  greater  than  those  of  summer  milk  fat,  because 
of  the  greater  solid  fat  content  of  winter  milk  fat. 
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The  solid  fat  contents  after  different  thermal  treatments 
varied  depending  on  amount  and  types  of  crystals  formed  during 
solidification.  Rapid  cooling  of  milk  fat  promoted  mixed  crystal 
formation,  which  caused  higher  solid  fat  contents.  Mixed  crystals 
contain  dissimilar  molecules  and  result  in  an  increase  in  the  solid 
fat  content.  Thermal  treatments  which  cause  formation  of  a  greater 
amount  of  mixed  crystals  result  in  a  higher  solid  fat  content  in 
milk  fat.  If  slow  cooling,  or  tempering  at  higher  temperatures 
takes  place,  the  solid  fat  content  decreases. 

The  presence  of  mixed  crystals  causes  a  high  rate  of  melting 
of  milk  fat,  whereas  the  presence  of  layer  crystals  promotes  a  low 
rate  of  melting.  The  reason  for  the  different  rates  of  melting  is 
that  layer  crystals  melt  gradually,  layer  by  layer,  while  the  melting 
of  mixed  crystals  occurs  in  a  narrower  temperature  range  between  the 
lowest  and  highest  melting  points  of  the  component  glycerides.  This 
is  due  to  a  relatively  fast  disintegration  of  a  mixed  crystal  as  a 
result  of  melting  of  the  low  melting  part  of  the  crystal  which  links 
the  higher  melting  fractions  together. 

It  is  evident  from  the  results  presented  that  thermal  treat¬ 
ment  has  a  definite  influence  on  the  melting  properties  and  the  solid 
fat  content  of  milk  fat.  It  is  possible  to  change  the  physical 
properties  of  butter  with  a  suitable  thermal  treatment  during  the 
production.  This  appears  particularly  important  in  the  case  of  con¬ 
tinuous  butter  making.  These  practical  means  of  influencing  the 
properties  of  butter  can  be  explained  on  the  basis  of  the  results 


obtained  in  this  work. 


I 


2  i 


-  64  - 


BIBLIOGRAPHY 


1.  BAILEY,  A.E. 

Melting  and  Solidification  of  Fats. 

Interscience  Publishers,  Inc.,  New  York  (1950) 


2.  BAILEY,  A.E. 

Industrial  Oil  and  Fat  Products. 

Interscience  Publishers,  Inc.,  New  York  (1951) 


3-  BAILEY,  A.E.  and  KRAEMER,  E.A. 

Dilatometric  Investigations  of  Fats. 

I.  Apparatus  and  Techniques  for  Fat  Dilatometry. 
Oil  &  Soap  21:251  (1944) 


k.  BAILEY,  A.E.  and  SINGLETON,  W.S. 

Dilatometric  Investigations  of  Fats. 

III.  The  Density,  Expansibility,  and  Melting 
Dilation  of  Some  Simple  Triglycerides  and  Other  Fats. 
Oil  &  Soap  22 : 265  ( 19^5 ) 


5.  BELOUSOV,  A . P.  and  VERGELESOV,  V.M. 

On  Certain  Peculiarities  of  Crystallization  of 
Milk  Fat  in  Cooling 

Proc.  XVI  Int.  Dairy  Congr.  Sec.  Ill  Vol.  B  492 
Copenhagen  (1962) 


6.  BOEKENOOGEN,  H.A. 

Analysis  and  Characterization  of  Oils,  Fats,  and 
Fat  Products. 

John  Wiley  &  Sons  Ltd.,  London  (1964) 


7.  BUCKLEY,  H.E. 

Crystal  Growth. 

John  Wiley  &  Sons,  Inc.,  New  York  (1951) 


8.  CANTABRANA,  F.  and  deMAN,  J.M. 

Differential  Thermal  Analysis  of  the  Melting  and 
Solidification  of  Milk  Fat. 

J.  Dairy  Sci.  47:32  (1964) 


I 


-  65  - 


9-  CHALMERS,  B. 

Principles  of  Solidification. 

John  Wiley  &  Sons,  Inc . ,  New  York  (1964) 


10.  CHAPMAN,  D.,  RICHARDS,  R.E.,  and  YORKE,  R.W. 

A  Nuclear  Magnetic  Resonance  Study  of  the 
Liquid/Solid  Content  of  Margarine  Fat. 

J.  Amer.  Oil  Chem.  Soc.  37:243  (i960) 


11.  CONDON,  E.U.  and  ODISHAW,  H. 

Handbook  of  Physics. 

McGraw-Hill  Book  Company,  Inc.,  New  York  (1958) 


12.  COULTER,  S.T. 

Spreadability  of  Butter. 

Milk  Prod.  J.  46: (10)  17  (1955) 


13.  DAVIS,  J.G. 

The  Rheology  of  Cheese,  Butter  and  Other  Milk  Products. 
J.  Dairy  Res.  8:245  (1937) 


14.  deMAN,  J.M.  and  WOOD,  F.W. 

Thixotropy  and  Setting  of  Butter. 
Dairy  Ind.  23:265  (1958) 


15.  deMAN,  J.M.  and  WOOD,  F.W. 

Hardness  of  Butter. 

I.  Influence  of  Season  and  Manufacturing  Method. 

J.  Dairy  Sci.  4l;360  (1958) 


16.  deMAN,  J.M.  and  WOOD,  F.W. 

Hardness  of  Butter. 

II.  Influence  of  Setting. 

J.  Dairy  Sci.  42: 56  (1959) 


17.  deMAN,  J.M.  and  WOOD,  F.W. 

Harness  of  Butter. 

III.  Influence  of  Variations  in  the  Disperse  Phase  of 
Continuously  Made  Butter. 

Proc.  XV  Int.  Dairy  Congr.  Sec.  Ill  Vol.  2  988 

London  (1959 ) 


-  66  - 


18.  deMAN,  J.M.  and  WOOD.,  F.W. 

Influence  of  Temperature  Treatment  and  Season  on 
the  Dila tome trie  Behaviour  of  Butterfat. 

J.  Dairy  Res.  26:17  (1959) 


19-  deMAN,  J.M.  and  WOOD,  F.W. 

Polarized  Light  Microscopy  of  Butter-Fat  Crystallization. 
Proc.  XV  Int.  Dairy  Congr.  Sec.  Ill  Vol.  2  1010 

London  (1959 )  " 


20.  deMAN,  J.M. 

Physical  Properties  of  Milk  Fat. 

I.  Influence  of  Chemical  Modification. 

J.  Dairy  Res.  28:81  (1961) 


21.  deMAN,  J.M. 

Physical  Properties  of  Milk  Fat. 

II.  Some  Factors  Influencing  Crystallization. 
J.  Dairy  Res.  28:117  (1961) 


22.  deMAN,  J.M. 

Influencing  the  Consistency  of  Butter. 
Dairy  Ind.  26:37  (1961) 


23.  deMAN,  J.M. 

The  Rheological  Behaviour  of  Butter. 

Proc.  XVI  Int.  Dairy  Congr.  Sec.  Ill  Vol.  B  17 
Copenha  gen  ( 1962 ) ' 


2k.  deMAN,  J.M. 

The  Kinetics  of  Milk  Fat  Crystallization. 

Milchwissenschaf t  18:67  (1963) 


25.  deMAN,  J.M. 

Polymorphism  in  Milk  Fat. 

Dairy  Sci.  Abstr.  25:219  (1963) 


26.  deMAN,  J.M. 

The  Rheology  of  Plastic  Fats. 
Food  in  Canada  23:27  (19^3) 


-  67  - 


27.  deMAN,  J.M. 

Determination  of  the  Fatty  Acid  Composition  of 
Milk  Fat  by  Dual  Column  Temperature  Programmed 
Gas -Liquid  Chromatography. 

J .  Dairy  Sci.  47:546  (1964) 

28.  deMAN,  J.M. 

Effect  of  Cooling  Procedure  on  Consistency,  Crystal 
Structure  and  Solid  Fat  Content  of  Milk  Fat. 

Dairy  Ind.  29:244  (1964) 


29-  deMAN,  J.M. 

The  Physical  Properties  of  Milk  Fat. 
J.  Dairy  Sci.  47:1194  (1964) 


30.  DOLBY,  R.M. 

The  Rheology  of  Butter. 

III.  The  Effect  of  Variation  in  Buttermaking 
Conditions  on  the  Hardness  of  the  Butter. 

J.  Dairy  Res.  12: 344  (1941) 


31.  DOLBY,  R.M. 

The  Rheology  of  Butter. 

I.  Methods  of  Measuring  the  Hardness  of  Butter. 

J.  Dairy  Res.  12:329  (19^1) 


32.  FERRETT,  D.J. 

Broad-Line  Nuclear  Magnetic  Resonance  as  an 
Analytical  Technique. 

Proc.  V  Int.  Instruments  and  Measurements 
Conf er enc e ,  S tockholm  (I960 ) 


33.  FEUGE,  R.O.  and  LOVEGREN,  N.V. 

Dila tome trie  Properties  of  Some  Butyropalmitins, 
Butyrostearins  and  Acetopalmitins . 

J.  Amer.  Oil  Chem.  Soc.  83:367  (1956) 

34.  FULTON,  N.D.,  LUTTON,  E.S.,  and  WILLE,  R.L. 

A  Quick  Dila tome trie  Method  for  Control  and  Study 
of  Plastic  Fats. 

J.  Amer.  Oil  Chem.  Soc.  31:98  (1954) 


35.  GORTNER,  R.A .  and  GORTNER,  W.A. 

Outlines  of  Biochemistry. 

John  Wiley  &  Sons,  Inc.,  New  York  (1950) 


-  68  - 


36.  GROS,  A.T.  and  FEUGE,  R.O. 

Physical  Properties  of  Aceto-  and  Bu tyro -Ole ins, 
Mono-Olein,  and  Diolein. 

J.  Amer.  Oil  Chem.  Soc.  34:239  (1957) 


37-  GUDHEIM,  A.R. 

The  Specific  and  Latent  Heats  of  Fusion  of  Some 
Vegetable  Fats  and  Oils. 

Oil  &  Soap  21:129  (1944) 


38.  HANNEWIJK,  J.  and  HAIGHTON,  A.J. 

The  Behaviour  of  Butter  Fat  During  Melting. 
Neth.  Milk  Dairy  J.  11:304  (1957) 


39-  HERB,  S.F.,  ANDSLEY,  M.C.,  and  RIEMENSCHNEIDER ,  R.W. 

Some  Observations  on  the  Microscopy  of  Lard  and 
Rearranged  Lard. 

J.  Amer.  Oil  Chem.  Soc.  33:189  (1956) 

40.  HERB,  S.F.,  MAGIDMAN,  P.,  LUDDY,  F.E.,  and  RIEMENSCHNEIDER,  R.W. 
Fatty  Acids  of  Cow’s  Milk.  B.  Composition  by 
Gas -Liquid  Chromatography  Aided  by  Other  Methods 
of  Fractionation. 

J.  Amer.  Oil  Chem.  Soc.  39:142  (1962) 


41.  HUEBNER,  V.R.  and  THOMSEN,  L.C. 

Spreadability  and  Hardness  of  Butter. 

I.  Development  of  an  Instrument  for  Measuring 
Spreadability. 

J.  Dairy  Sci.  40:834  (1957) 

42.  HUEBNER,  V.R.  and  THOMSEN,  L.C. 

Spreadability  and  Hardness  of  Butter. 

II.  Some  Factors  Affecting  Spreadability  and  Hardness. 
J.  Dairy  Sci.  40:839  (1957) 


43.  HUNZIKER,  O.F. 

The  Butter  Industry. 

Published  by  the  Author,  La  Grange,  Ill.  (1940) 


44.  International  Critical  Tables  of  Numerical  Data,  Physics, 
Chemistry  and  Technology. 

McGraw-Hill  Book  Company,  Inc.,  New  York  (1926) 


-  69  - 


45*  IVANOVIC ,  Do  and  VUCIC,  V. 

Atomska  i  nuklearna  fiaika.  III. 

Beograd,”  (I963) 

46.  JENNES,  R.  and  PATTON,  S. 

Principles  of  Dairy  Chemistry. 

John  Wiley  &  Sons,  Inc.,  New  York  (1959) 

47.  KING,  No 

The  physical  Structure  of  Butter.  Part  I. 

Dairy  Ind.  20:311  (1955) 

48.  KIRSCHENBAUER,  H.G. 

Fats  and  Oils.  2nd  ed . 

Re inhold  Publishing  Corporation,  New  York  (i960) 

f 

49.  KITTEL,  C. 

Introduction  to  Solid  State  Physics.  2nd  ed . 

John  Wiley  &  Sons,  Inc.,  New  York  (1956) 


50.  KRAMER,  A. 

Glossary  of  Some  Terms  Used  in  the  Sensory  (Panel) 
Evaluation  of  Foods  and  Beverages. 

Food  Tech.,  Champaign  13:733  (1959) 


51.  LANDMANN,  W.,  FEUGE,  R.O.,  and  LOVEGREN,  N.V. 

Melting  and  Dilatometric  Behaviour  of  2-01eopalmitostearin 
and  2~01eodistearin. 

J.  Amer.  Oil  Chem.  Soc.  37:638  (i960) 


52.  LANDMANN,  W.,  LOVEGREN,  N.V.,  and  FEUGE,  R.O. 
Confectionery  Fats. 

II.  Characterization  of  Products  Prepared  by 
Interesterification  and  Fractionation. 

J.  Amer.  Oil  Chem.  Soc.  38:466  (1961) 


53*  LANDMANN,  W.,  LOVEGREN,  N.V.,  and  FEUGE,  R.O. 

Dilatometric  Properties  of  Some  Glycerides  of 
Confectionery  Fats. 

J.  Amer.  Oil  Chem.  Soc .  38:681  (1961) 


-  70  - 


5^-  MAGIDMAN,  P.,  HERB,  S.F.,  BARFORD,  R.A.,  and 
RIEMENSCHNEIDER ,  R.W. 

Fatty  Acids  of  Cow's  Milk.  A.  Techniques  Employed 
in  Supplementing  Gas -Liquid  Chromatography  for 
Identification  of  Fatty  Acids. 

J.  Amer .  Oil  Chem.  Soc.  39:137  (1962) 


55-  MATZ,  S.A. 

Food  Texture. 

The  AVI  Publishing  Company,  Inc.,  Westport,  Conn. 

(1962) 

56.  McDOWALL,  F.H. 

The  Buttermaker 1 s  Manual,  Vol .  I . 

University  Press,  Wellington,  New  Zealand  (1953) 


57 •  Mcknight,  l.m.  and  wood,  f.w. 

The  Influence  of  Butter  Precrystallization  on  the 
Hardness  of  Gold'n  Flow  Type  Butter. 

Proc.  XVI  Int.  Dairy  Congr.  Sec.  Ill'  Vol.  B  33 
Copenhagen  (1962) 


58.  MEHL,  R.F.  and  JETTER,  L.K. 

The  Mechanism  of  Precipitation  From  Solid  Solution. 
The  Theory  of  Age  Hardening. 

In  Age  Hardening  of  Metals. 

Symp.  The  American  Society  for  Metals  (19^0) 


59*  MEHLENBACHER,  V.C. 

The  Analysis  of  Fats  and  Oils. 

The  Garrard  Press  Publishers,  Champaign,  Ill.  (i960) 


60.  MEYER,  L. 

Food  Chemistry. 

Reinhold  Publishing  Corporation,  New  York  (i960) 


6l  MOHR,  W. 

Konsistenzmessungen  der  Butter  und  Anforderungen 
an  die  Konsistenz  der  Butter. 

Fette  u.  Seif.  52:3^2  (1950) 


62.  MULDER,  H. 

The  Physical  Structure  of  Butter. 

Proc.  XII  Int.  Dairy  Congr.  Sec.  II  Vol.  2  8l 
Stockholm  ( I9U9  5 


-  71  - 


63.  MULDER,  Ho 

Melting  and  Solidification  of  Milk  Fat. 
Netho  Milk  Dairy  J.  7:1^9  (1953) 

64 .  MULDER,  H.  and  KLOMP,  R. 

The  Melting  and  Solidification  of  Milk  Fat. 
Netho  Milk  Dairy  J.  10:123  (1956) 

65.  NERNST,  W. 

Theoretical  Chemistry.  5th  ed. 

Ma  cMiTla^Q  an^  Co  . ~  ~~Ltd . ,  London  ( 1923  ) 


66.  NJEGOVAN,  V.N. 

Osnovi  Hemije.  4th  ed. 

Naucna  Knjiga,  Beograd  (1958) 


67.  Official  and  Tentative  Methods  of  the  American  Oil 
Chemists"  Society. 

Tentative  Method  Cd  10-57 « 

Solid  Fat  Index. 


68.  PERRY,  J.H. 

Chemical  Engineer's  Handbook.  3rd-  ed. 
McGraw-Hill  Book  Company,  Inc.,  New  York  (1950) 


69.  PHIPPS,  L.W. 

An  Adiabatic  Calorimeter  for  Measuring  the  Specific 
Heats  of  Liquids  in  the  Range  0°  to  100°C. 

J.  Sci.  Instrum.  32:109  (1955) 


70.  PRENTICE,  J.H. 

An  Instrument  for  Estimating  the  Spreadability  of 
Butter. 

Lab.  Pract.  3:186  (1954) 

71.  REINER,  M. 

Deformation,  Strain  and  Flow.  An  Elementary 
Introduction ~to~^ieology7  2nd  ed. 

H.  K.  Lewis  &  Co.,  Ltd.,  London  (i960) 


72.  RIEDEL,  L. 

Die  Temperaturabhaengigkeit  der  spezifischen 
Waerme  von  Butter. 

Z.  ges.  Kaelteind.  45:177  (1938) 


- 


-  72  - 


73-  RIEDEL,  L. 

Kalorimetrische  Untersuchugen  ueber  das 
Schmelzverhalten  von  Fetten  und  Oelen. 

Fette  Seifen  Anstr-Mittel.  57:771  (1955) 


7k.  SCOTT  BLAIR,  G.W. 

An  Introduction  to  Industrial  Rheology. 

j7  &  A.  Churchill  Ltd.,  London  (1938) 


75-  SCOTT  BLAIR,  G.W. 

The  Spreading  Capacity  of  Butter.  I. 
J.  Dairy  Res.  9: 208  (1938) 


76.  SCOTT  BLAIR,  G.W. 

A  Survey  of  General  and  Applied  Rheology. 

Sir  Isaac  Pitman  &  Sons,  Ltd.,  London  (19^9 ) 


77.  SCOTT  BLAIR,  G.W. 

Foodstuffs,  Their  Plasticity,  Fluidity,  and 
Consistency. 

North-Holland  Publishing  Company,  Amsterdam  (1953) 

78.  SINGLETON,  W.S.  and  VICKNAIR,  E.J. 

Dila tome trie  Investigations  of  Fats. 

V.  Volume  Changes  Associated  with  the  Polymorphism 
and  Melting  of  Monostearin. 

J.  Amer.  Oil  Chem.  Soc.  28:3^2  (1951) 


79.  SINGLETON,  W.S.  and  GROSS,  A.T. 

Dila tome trie  Investigations  of  Fats. 

VI.  Melting  Dilation  as  a  Function  of  Chain  Length 
in  Fatty  Acids  and  Their  Glyceryl  Esters. 

J.  Amer.  Oil  Chem.  See .  29:1^9  (1952) 


80.  STST.FR,  H.H.,  VANDERWERF,  C.A.,  and  DAVIDSON,  A.W. 
General  Chemistry.  2nd  ed . 

The  Macmillan  Company,  New  York  (1959) 


81.  SKODA,  W.  and  VAN  den  TEMPEL,  M. 

Crystallization  of  Emulsified  Triglycerides. 
J.  Colloid  Sci.  181:568  (1963) 


-  73  - 


82.  SOMMER.  H.H. 

The  Fat  Emulsion  in  Milk  From  a  Chemical  Standpoint. 
Milk  Dir.  51:58  (1951) 


83.  SONE,  T. 

The  Rheological  Behavior  and  Thixotropy  of  a 
Fatty  Plastic  Body. 

J.  Phys.  Soc.  Japan  16:961  (1961) 


84.  STEINER,  E.H. 

The  Crystallization  of  Cocoa  Butter  and 
Alternative  Fats. 

I.  -  An  Adiabatic  Calorimeter  and  its  Application 
to  the  Thermal  Analysis  of  Cocoa  Butter. 

J.  Sci.  Fd.  Agric.  6:777  (1955) 

85.  STRAUB,  J.  and  MALOTAUX,  R.N.M.A . 

Calorimetrische  Analyse  Organischer  Systeme. 

Rec.  Trav.  chim.  Pays-Bas  52 r 275  (1933) 

86.  THOMASOS,  F.I.  and  WOOD,  F.W. 

Some  Factors  Influencing  Stickiness  of  Butter. 

J.  Dairy  Res.  31:137  (1964) 


87.  TVERDOKHLEB,  G-V. 

Role  of  Phase  Changes  in  Milk  Fat  in  Regulation 
of  Butter  Consistency. 

Proc.  XVI  Int.  Dairy  Congr.  Sec.  Ill  Vol.  B  155 
Copenhagen  (1962) 


88.  VUCIC,  V.  and  IVANOVIC,  D. 

Fizika  I. 

Naucna  Knjiga,  Beograd  (1964) 


89.  von  WEIMARN,  P.P. 

The  General  Theory  of  the  Condensation  Methods  for 
the  Formation  of  Disperse  Systems. 

J.  Russ.  Phys.  Chem.  Soc.  42:  214  (1910) 

cited  from:  Chem.  Abstr.  5T62O  (1911) 


90.  von  WEIMARN,  P.P. 

Theory  of  the  Formation  and  Stability  of 
Colloidal  Solutions  II. 

Kolloidchem.  Beihefte  4:101  (1867) 

cited  from  Chem.  Abstr.  7:3696  (1913) 


( 


-  ?4  - 


91.  WOOD,  F.W.  and  deMAN,  J.M 

Some  Observations  on  the  Physical  Structure  of 
Butter  Manufactured  by  the  Gold'n  Flow  Process. 
Proc.  XIV  Int.  Dairy  Congr.  Sec.  II  Vol.  2  532 

Rome-  (1956) 


92.  WOOD,  F. Wo 

Seasonal  and  Regional  Variations  in  Some  Chemical 
and  Physical  Properties  of  Alberta  Butterfat. 

Can.  J.  Agric.  Sci.  36:422  (1956) 


93-  ZOBEL,  H.F.,  HELLMAN,  N.N.,  and  SENTI,  F.R. 

A  Dye -Dilution  Method  for  Estimating  Solids 
Content  of  Plastic  Fats. 

J.  Amer.  Oil  Chem.  Soc.  32:706  (1955) 


